Abstract. The Kuroshio flows along the edges of the marginal East Asian seas such as the South China Sea (SCS) and East China Sea (ECS). Exchanges of materials and energy between the Kuroshio and the marginal seas partly control the environments of the marginal seas. In particular, saline water from the Kuroshio maintains certain salinity in the shelf water in the ECS. Nutrients from the subsurface of the Kuroshio may influence primary production on the shelf. We summarize how the Kuroshio comes into contact with the shelf water or marginal seas, describing phenomena related to the exchange between the Kuroshio and the ECS along with the SCS, using reports in the literature along with original data. The Kuroshio tends to intrude into the SCS through the Luzon Strait in various manners such as direct intrusion, associated with eddies and as a loop current. The Kuroshio intrusion into the shelf region of the ECS has distinct seasonal variation and the Taiwan Warm Current plays a significant role in the determination of water properties in the outer shelf associated with the Kuroshio intrusion. We then examine physical processes related to the interaction between the Kuroshio and shelf water. Interaction between the Kuroshio and the bottom topography is an important process in the control of the exchange around the shelf break. Vertical mixing and frontal eddies are also important factors that control the water exchange and formation of water masses in the outer shelf. Wind stress plays a significant role in the exchange with a rather event-like manner. To determine the source of the water masses, chemical tracers could be powerful tools and it is suggested that a significant part of the shelf water consists of Kuroshio intermediate water.
Introduction
Marine environments around shelves and in marginal seas usually depend on a supply of nutrients from land, particularly in regions influenced by a large amount of fresh water from rivers. On the other hand, nutrient supply from the open ocean could be significant even in inland seas as discussed by Yanagi and Ishii (2004) ; e.g., in the Seto Inland Sea, Japan. The nutrient budget for the shelf region of the East China Sea (ECS) was calculated using a box model by Chen and Wang (1999) , who found that the nutrient supply to the shelf region from the open ocean could exceed that from Changjiang. However, it is not clear yet how the nutrients could be supplied to the euphotic zone in the shelf region and what fraction of the nutrients from the open ocean could be used for primary production. Furthermore, physical processes of the nutrient supply regarding how the nutrients are introduced to the shelf from the open ocean are not well known, whereas there are several candidates for the major processes of water exchange between the open ocean and shelf water, such as frontal eddies along the Kuroshio, bottom intrusion around the shelf break, and upwelling caused by topography or wind fields.
Exchange between the open ocean and shelf is strongly related to the behavior of the Kuroshio in the ECS. The Kuroshio, a major western boundary current in the North Pacific, flows into the ECS east of Taiwan, turns right owing to topography, flows along the continental slope, and then flows to the Pacific through the Tokara Strait. When the Kuroshio flows into the ECS through the deep sill between the islands of Taiwan and Yonaguni, it faces the continental slope and turns right following the bottom topography, while the current field in the region is strongly related to fluctuations in the Kuroshio. Fluctuation in the Kuroshio passage may be due to interaction between the Kuroshio and mesoscale eddies propagating from the east (Ichikawa et al., 2008) . Depending on the direction of the Kuroshio and bottom topography northeast of Taiwan, a complicated current field can arise in the area, such as a cyclonic cold eddy northeast of Taiwan (Tang et al., 2000) . Inertia of the Kuroshio can result in part of the Kuroshio water intruding into the shelf region with upward motion. The constraint of bottom topography on the rotating fluid would make it difficult for the current to intrude into shallow regions, particularly in the weak stratification in winter. However, baroclinic motion of the stratified fluid would make it possible for part of the Kuroshio to have cross-isobath motion. This would result in significant interaction between the shelf and deep waters. Another exchange between the shelf and the deep ocean would exist around the shelf break. Frontal eddies frequently seen along the Kuroshio around the shelf break and outer shelf could enhance the interaction between the Kuroshio and shelf water.
In this paper, we summarize phenomena related to the exchange between the Kuroshio and the shelf observed in the ECS and South China Sea (SCS), and discuss dynamical processes concerning the exchange.
2 Contact between the Kuroshio and shelf water and marginal seas
Kuroshio intrusion into the SCS
The SCS is the biggest marginal sea in East Asia and has a wide shelf area. However, the main exchange with the Pacific Ocean occurs through the Luzon Strait and there is a deep ocean in the northern part of the SCS, while there is a deep sill with complicated topography in the Luzon Strait. There are various viewpoints concerning the Kuroshio intrusion into the SCS. Hu et al. (2000) summarized four explanations of the behavior of the Kuroshio around the Luzon Strait: a direct branch from the Kuroshio, loop current, extension of the Kuroshio-influenced water and formation of a ring. The latter two explanations appear to be variations or generalized expressions of the former two. A direct branch is a rather traditional explanation and was discussed by early investigators such as Nitani (1972) . A loop current is a relatively recent explanation. A loop was clearly shown in a numerical model presented by Metzger and Hurburt (2001) . In general, part of the Kuroshio flows into the SCS from the south or central part of Luzon Strait, and a significant part of the inflow returns to the main stream of the Kuroshio through the northern part of the strait, forming a loop current. Meanwhile, part of the inflow from the Kuroshio flows to the shallow area near the Taiwan Strait, in some cases becoming a source of the Taiwan Strait Current (TaSC), which can be distinguished from the Taiwan Warm Current (TaWC) found in the shelf region in the ECS. The fraction that returns to the main stream of the Kuroshio through the Luzon Strait seems to depend on the season. Using data from the ARGO drifters, Centurion et al. (2004) found Kuroshio intrusion only in winter, although there was a loop current in all seasons in the numerical model of Metzger and Hurburt (2001) .
Contrary to the suggestion from numerical experiments, Yuan et al. (2006) showed that the Kuroshio loop current was not a stationary feature around the Luzon Strait, using the sea level anomaly based on altimeter data obtained over a long period. Particularly the stationary loop current was rarely found in winter, and even in summer most of the loop currents were associated with the passage of anticyclonic eddies. They also showed that a direct northwestward intrusion through the Luzon Strait is frequently found in winter. The strong intrusion often appears to flow westward passing through the northern SCS to the western shelf.
The direct intrusion that intensifies in winter was recently reproduced in numerical experiments. Using results from a numerical model validated with ADCP data taken from moorings in the Luzon Strait, Liang et al. (2008) showed that the location and intensity of the South China Sea Cyclonic Flow has a great influence on the Kuroshio intrusion across the Luzon Strait. The Kuroshio intrusion is intensified by a large scale cyclonic eddy in the SCS basin that is enhanced in winter.
As we discuss later, the volume transport of the TaSC through the Taiwan Strait has large seasonal variation, being large in summer and small in winter. The seasonal variation in the volume transport through the Taiwan Strait is quite different to the variation through the Luzon Strait. It is not clearly understood how the exchange between the Kuroshio and the shelf water in the SCS through the Luzon Strait is related to the current field in the Taiwan Strait.
Kuroshio intrusion into the shelf area of the ECS
Most of the Kuroshio east of Taiwan flows into the ECS passing over a sill shallower than 1000 m between Taiwan and western end of Ryukyu Islands. The Kuroshio then impinges on the continental slope, resulting in a turn to the east. Study of the current system in the ECS began earlier than study of the current system in the SCS, and various schematic views of the current fields in the ECS have been proposed since 1930. Some suggest that there is a Kuroshio branch flowing into the shelf area. In fact, as mentioned later, considering the difference in volume transport between the Taiwan and Tsushima Straits, Kuroshio intrusion onto the shelf is necessary from mass conservation.
One of the most probable sites for the Kuroshio to intrude into the shelf region is northeast of Taiwan. An intensive investigation -the Kuroshio Edge Exchange Processes (KEEP) study -has been carried out in the region by scientists from Taiwan and the United States since 1989. One of the results of the project was the revelation that a significant intrusion of the Kuroshio into the East China Sea shelf occurred from autumn through winter and was associated with monsoon events (Tang and Yang, 1993; Chuang and Liang, 1994) . They suggested a seasonal variation in the Kuroshio axis and strength northeast of Taiwan. However, it was also shown that there were significant fluctuations with various time scales. The other study during KEEP suggests that most of the nutrient supply to the shelf region comes from the Kuroshio subsurface. The research also indicates that the cross-shelf transport of dissolved and particulate materials may be important for carbon budget, and a cyclonic eddy formed at the shelf edge northeast of Taiwan could significantly contribute to the exchange of the materials (Wong et al., 2000) . Other literatures suggest that a cold eddy frequently exists just northeast of Taiwan and is associated with the eastward turning of the Kuroshio (Hsueh, 2000; Tang et al., 2000) . The region is dynamically complicated because of the abrupt change in the bottom topography, strong current of the Kuroshio, outflow of TaSC from the Taiwan Strait and other factors. Ichikawa et al. (2008) discussed the fluctuation in the Kuroshio path in the area northeast of Taiwan on the basis of data obtained with high-frequency (HF) radar operated at Yonaguni and Ishigaki. They suggested that eddies affect the location of the Kuroshio passage. The temporal variation in the current fields has been obtained not only from HF radar but also using an altimeter. However, the shelf region is too far from the HF radar stations and the reliability of the altimetry is not high because of the lack of in situ data.
As mentioned above, the Kuroshio intrusion into the shelf area is related to the volume transport of the TaSC flowing into the shelf region of the ECS from the Taiwan Strait and the volume transport of the Tsushima Warm Current (TsWC) flowing out to the Japan Sea through the Tsushima Strait (Fig. 1) . The volume transport through the Tsushima Strait has been accurately deduced over 10 years by crossstrait monitoring using an acoustic Doppler current profiler (ADCP) mounted on a ferry (Takikawa et al., 2005) . However, the volume transport through the Taiwan Strait is not known well owing to the large variation in and short measurement periods for data recorded by moored systems, although there have been various reports on the volume transport in various seasons (Teague et al., 2003; Liang et al., 2003; Lin et al., 2005; Jan et al., 2006) . Isobe (2008) summarized the seasonal variation in volume transport through the Taiwan Strait; around 2.5 Sv in June and almost zero in winter. Comparing the volume transport through the Taiwan Strait with that through the Tsushima Strait, the net transport of the Kuroshio intrusion into the shelf region can be estimated. Indeed, Teague et al. (2003) calculated the net transport from the Kuroshio into the shelf using volume transport obtained with ten bottom mounted ADCPs deployed in the Taiwan and Tsushima Straits. However, the period was limited to only three months because of the short term measurements from just October to December in the Taiwan Strait. The time series showed that northward transport through the Taiwan Strait gradually decreased from October to December, with predominant short time scale variations that appeared related to the wind field. The net transport from the Kuroshio to the shelf region was about 3 Sv which was averaged for the three months. They also calculated the temperature and salinity transport through each strait using the observed volume transport along with climatological data, and suggested there was a small contribution of the water masses from the Taiwan Strait. Their results based on direct measurements suggest a significant contribution of Kuroshio water to the water masses on the shelf. However, their data was obtained from just a short period, and so it will be necessary to obtain much longer time series of volume transport through the Taiwan Strait to properly discuss the physical processes connected with the net transport of Kuroshio intrusion.
The Kuroshio intrusion depends on various conditions of the shelf, such as stratification, the intensity of the TaWC, tidal mixing, and the wind. Results for a numerical model constructed by Lee and Matsuno (2007) revealed intrusion of the Kuroshio subsurface water into the shelf region, particularly in summer when an intensified TaWC interacts with the Kuroshio intrusion. The interaction between the TaWC and Kuroshio intrusion is discussed in the next section.
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Interaction of the TaWC and Kuroshio flowing onto the shelf
As mentioned in the previous section, the volume transport of the TaSC flowing northeastward in the Taiwan Strait has distinct seasonal variation. The volume transport is large in summer and small or mostly zero in winter. However, the behavior of the TaSC is not yet known with certainty; for example, the transport through the Taiwan Strait in winter has gradually decreased in research conducted in the past decade, as summarized by Isobe (2008) . However, it is commonly believed that the decrease in the transport in winter is to a large extent due to the northeast monsoon. An intensified northeasterly wind in winter is correlated to a reduced northward current in the Taiwan Strait (Jan et al., 2006) , while the fluctuation in the volume transport is large. Therefore, it is expected that there is no interaction between the TaWC and Kuroshio intrusion for a mean field in winter. In summer on the other hand, the volume transport of the TaSC is significant and the TaWC may interact with the Kuroshio intrusion north of Taiwan. In summer, the transport of the TaSC can exceed 2 Sv (Jan et al., 2006 ). The northeastward current through the Taiwan Strait carries slightly less saline water than the Kuroshio from SCS to ECS. An enhanced TaWC could prevent the Kuroshio intruding into the shelf region in summer. However, the TaWC is restricted to an upper layer shallower than the water depth of the outer shelf because the Taiwan Strait is shallower than 60 m. Therefore, the Kuroshio subsurface water could intrude into the shelf region beneath the TaWC.
Indeed, numerical experiments have suggested that the Kuroshio subsurface water intrudes into the shelf region in front of the Changjiang river mouth (Lee and Matsuno, 2007) . Figure 2 shows the distribution of tracer put in the upper and middle layers of the Kuroshio east of Taiwan. The Kuroshio water does not enter the shelf region through the upper layer. Instead, the Kuroshio subsurface water intrudes into the shelf region in summer. Both upper and subsurface waters of the Kuroshio are prevented entering the shelf region in winter. In the case of winter, the constraint of the bottom topography due to the homogeneity of the water could prevent the current from crossing the isobath. However, the numerical model used climatological boundary conditions for the TaSC and specified 0.9 Sv for the transport in winter. This might be larger than the actual volume transport, as it was based on Wang et al. (2003) where the data were limited. At this time we do not have reliable values for the transport. Guo et al. (2006) also discussed Kuroshio intrusion onto the shelf using a numerical model. They found clear seasonal variations in the Kuroshio intrusion onto the shelf that are strongly related to the transport from the Taiwan Strait. In their model, the Kuroshio intrudes onto the shelf even in winter owing to the weakened TaWC. The difference between their results and those of Lee and Matsuno (2007) suggest that the Kuroshio intrusion strongly depends on the TaWC, even in winter. Lie and Cho (2002) also suggest that a reduced volume transport of the TaSC could enhance the Kuroshio intrusion onto the middle shelf area; however, it is difficult to describe the mean current field because of the lack of observed data.
Regardless of the intrusion of the Kuroshio, the area northeast of Taiwan is a very complicated area requiring the consideration of two major currents, bottom topography, stratification, tidal motion and wind effects. The current field presented by Tang et al. (2000) using a ship board ADCP and mapping of the sea surface temperature from satellite data by Hsueh (2000) suggest the existence of a cold core associated with a cyclonic eddy. We deployed two satellite-tracking drifters in the northern Taiwan Strait, and their trajectories initially revealed a clockwise eddy before one drifter appeared to ride a cyclonic eddy. Collision of the Kuroshio on the shelf break and eddies of various scales generated northeast of Taiwan could mix the water of the Kuroshio and the TaWC. Hsueh (2000) used an interesting term -a mixing mill -to describe the role of the cyclonic eddy northeast of Taiwan. The mixing could produce a specific water mass along the outer shelf region of the ECS.
If cross-shelf currents or eddies are formed in association with the Kuroshio intrusion, significant mixing would be expected northeast of Taiwan, and the mixed water could flow along the isobaths just shelf side of the Kuroshio. shelf water. As an example, a temperature-salinity diagram obtained for a section across the Kuroshio during a cruise in 2000 reveals two water masses (Fig. 3) . Histograms of the frequency distribution of salinity show two modes at each isopycnal. The less saline water is distributed over the outer shelf region. The water mass sometimes occupies the shelf slope region and has a volume transport greater than that of the TaSC, which means that the outer shelf water is not only from the Taiwan Strait but is a mixture of the Kuroshio and water from the Taiwan Strait. Historical data show that outer shelf water is frequently identified in the region around the shelf break in summer and autumn.
Factors and physical processes relating to the interaction between the Kuroshio and shelf water
Bottom topography and geographical configuration
There are two passages for flow into and out of the ECS other than inflow and outflow of the Kuroshio; namely, the Taiwan Strait and Tsushima Strait. As mentioned above, the volume transport through both straits is not the same. Isobe (2008) proposed a schematic consideration. It is difficult for a steady current to cross geostrophic contours unless there is another forcing such as strong friction. Therefore, the explanation of the current field illustrated in Fig. 4a is difficult to accept; though such a current in reality cannot be completely denied because of its nonlinearity or transient state. The explanation illustrated in Fig. 4b is more easily accepted since there is a boundary and friction could play a significant role. This means intrusion of the Kuroshio water into the shelf region could occur more easily northeast of Taiwan than west of Kyushu in a dynamical sense. However, in some transient states, intrusion of the Kuroshio into the shelf region could be enhanced particularly in autumn as discussed by Isobe (1999) . On the other hand, stratification may play another role in producing a cross-isobath current. The spatial difference in the vertically integrated density could generate a vorticity in a sloping bottom region. It is usually referred as the joint effect of baroclinicity and relief (JEBAR) in discussing the influence of the bottom topography on the stratified fluid (e.g., Mertz and Wright, 1992) . Analyzing the results of numerical experiments, Guo et al. (2006) revealed that cross-shelf advection of the geostrophic current can be predominantly balanced with the JEBAR along the 200 m isobath in the ECS, while seasonal variation in the cross-shelf advection strongly depends on wind stress. On the other hand, there is a spatial distribution of the onshore flux along the shelf break, and the temporal variation in the cross-shelf advection of the geostrophic current is mainly explained by a change in the JEBAR term, instead of wind stress. An interaction between the stratification and bottom topography could allow onshore flux across the shelf break.
Vertical mixing generated by internal waves
Quantitative evaluation of vertical mixing is generally a crucial issue in understand not only water exchange processes but also general circulation. Around the shelf break in the ECS, vertical mixing caused by internal waves or interaction between the Kuroshio and bottom topography could play an important role in the cross shelf exchange. Han et al. (2001) revealed that short time scale internal waves frequently exist near the shelf break in the ECS. Comparing the variance of band-passed current velocity with temporal variations in the vertical gradient of temperature, it was suggested that the short time scale internal waves exist just above or below the thermocline. It was also suggested that the short time scale internal waves could generate vertical mixing resulting in a change in stratification, while no feature of the vertical mixing itself was described. Following the study by Han et al. (2001) , Matsuno et al. (2005) showed intermittent intensification of the vertical mixing associated with internal waves on the basis of measurements of the microscale structure. Repeated hydrographic surveys across the shelf break showed that the vertical structure formed by an intensified thermocline and bottom or intermediate mixed layer could change day by day (Han et al., 2001) .
A series of these studies revealed that internal waves intermittently generated around the shelf break could induce enhanced vertical mixing, and consequently change the stratification. Change in the vertical structure could generate ageostrophic flow with a short response time, which may induce a cross-shelf water exchange. The process could explain offshore intrusion that is sometimes suggested by a high-turbidity tongue as shown in Fig. 5 . 
Frontal processes and cross-shelf exchange
In general, the Kuroshio flows stably along the continental slope in the ECS. However, there are frequent frontal eddies along the Kuroshio in satellite images. It is not easy to detect the eddies by usual observations from research vessels because of their fine structure and short-period variations. Instead, in association with the frontal eddies, we can show a few observation results suggesting that shelf water could intrude into the subsurface of the Kuroshio. This is a kind of subduction of the surface water on the shelf. Figure 6 shows an example of low-salinity water subduction along the Kuroshio front detected from repeated observations over 3 days. The location of the front changed quickly probably owing to downstream propagation of the frontal eddy associated with the Kuroshio. The low salinity tongue is subducted, mostly along the isopycnals near the salinity front. However, strictly speaking, the low-salinity tongue seemed to sink slightly against the isopycnals. The subduction must be associated with three-dimensional frontal eddies, instead of simply with a vertical section. Subduction of the surface water associated with frontal eddies was discussed by Spall (1995) using a numerical model. He showed development of subduction associated with baroclinic instability, resulting in ageostrophic cross-front flows. Isobe et al. (2004) represented salinity inversion around the shelf break in the ECS using a numerical model. They explained the salinity inversion by the difference in propagation speeds for surface and subsurface layers of frontal waves generated by baroclinic instability. Considering that the low-salinity water subduction slightly crossed the isopycnals in a vertical section, a three-dimensional process should be considered in explaining the tongue shape distribution. It is difficult to directly measure the subduction velocity in the field. Another example of the shelf water subduction is shown in Fig. 7 . In this case, low-salinity water subducts approximately along the isopycnals and contains much dissolved oxygen. This reveals low-salinity and high-oxygen shelf surface water intruding offshore along the isopycnal front of the Kuroshio around the shelf break, while there must be movement along the shelf.
Wind stress
Movement of the surface water in the shelf region is strongly controlled by wind fields. As described above, numerical model experiments show that the seasonal variation in the total cross-shelf transport along the shelf break is strongly related to the wind stress, most of which is caused by Ekman transport (Guo et al., 2006) .
In the shelf region, the behavior of fresh water discharged from Changjiang is strongly controlled by wind fields on the shelf, not only in a climatological sense (Chang and Isobe, 2003) but also on a shorter time scale (Yuan and Qiao, 2005) . Furthermore, a significant proportion of nutrient supply for primary production in the shelf area could come from the subsurface of the Kuroshio. The upward transport of the nutrients in the lower layer on the shelf could be generated by wind stirring and surface divergence caused by wind fields such as that of a typhoon. Comparing the distributions of nutrients, chlorophyll-a, and primary and bacterial productivity after the passage of a typhoon with those under normal conditions, Shiah et al. (2000) and Chen et al. (2003) clearly showed there was a significant supply of nutrients for biological production, though the study area was in the northern part of the Taiwan Strait. In the outer shelf of the ECS, Siswanto et al. (2007) showed a clear statistical relationship between the passage of a typhoon and primary production, based on the chlorophyll determined from a satellite dataset. suggested there was significant upward transport of nutrient rich water from the lower layer as a result of the passage of a tropical depression in the mid-shelf of the ECS. In those cases, nutrient rich water in general originates at the Kuroshio subsurface. This means that the wind effect on the shelf could enhance the interaction between deep ocean and shelf water.
Chemical evidence
As mentioned above, the net transport from the Kuroshio into the shelf area of the ECS could be calculated from the difference in volume transport between the Taiwan Strait and Tsushima Strait. However, if we consider the possibility of inflow from the subsurface and outflow from the surface layer, exchange between the Kuroshio and shelf waters cannot be estimated from the net transport. The origins of the water masses have been examined using chemical properties, such as the composition of oxygen or radium isotopes, nutrients, dissolved oxygen, and rare earth elements (REE). Kim et al. (2005) described how the TsWC waters are a mixture of waters originating from the Taiwan Strait and those originating directly from the Kuroshio using the composition ratio of the oxygen isotope and salinity for the waters around Jeju Island. Zhang et al. (2007) used a radium (Ra) isotope as well as temperature and salinity to estimate the mixing proportion among four water masses; Kuroshio Surface Water, Kuroshio Subsurface Water (KSSW), Changjiang Diluted Water and Taiwan Strait Warm Water. They mentioned the advantage of using the Ra isotope as a tracer as being its non-particlereactive nature. They showed a significant contribution of the KSSW, where it was defined by water at 100m within the Kuroshio, to the surface water even in the inner shelf not far from Changjiang mouth. They also showed large variability in the mixing proportion. On the other hand, a recent study using the composition of REE as chemical tracers estimated that the Kuroshio Intermediate Water deeper than 200 m could be a significant component, about 1/3, of the source for the bottom water on the shelf (Bai and Zhang, 2009 ).
Concluding remarks
In the SCS, "Deep Ocean Exchange with the Shelf" occurs in the central part of the marginal sea, and exchange through the Luzon Strait described in this paper is that between deep oceans because the northern part of the SCS has a deep basin. On the other hand, the ECS is a typical and complicated example of the exchange between the deep ocean and shelf water. A major factor concerning the exchange that plays an important role in the environment is the Kuroshio intrusion onto the shelf. Besides differences in the volume transports through the Taiwan and Tsushima Straits, compensating for part of the volume transport from the Kuroshio into the shelf region, shelf water should be transported offshore, where the outflow could involve water intruding from the Kuroshio. If we know the time series of the salinity distribution on the shelf and that at the open boundaries of the ECS as well as the time series of fresh water input, the water exchange could be evaluated properly as for the method for coastal ocean using the concept of the average residence time (Takeoka, 1984) . However, we cannot find such a dataset except for a climatological database. Furthermore, whereas the residence time of the fresh water can be estimated from the salinity, it is difficult to estimate the residence time of the Kuroshio water on the shelf from the salinity. A chemical tracer could be used to obtain the residence time of shelf water as presented by Nozaki et al. (1989) , who estimated the residence time of the shelf water as about 2.3 years using a Ra isotope. However, a tracer cannot provide enough information for the residence time of the Kuroshio water on the shelf.
Chemical tracers, such as REE, could be a powerful tool for identifying the source and mixing ratios of water masses on the shelf. If we could obtain a reliable ratio for each water mass, it would be possible to evaluate the degree of intrusion of the Kuroshio surface and intermediate waters combining with the net transport from the Kuroshio onto the shelf. We recommend using a greater number of water samples to advance analyses with chemical tracers.
Another important and attractive issue for future study of the exchange process between the Kuroshio and shelf water is the quantitative determination of vertical processes such as vertical mixing, upwelling, subduction and restratification. Various data obtained from satellite observations provide us with detailed and widely spread images of various properties in the ocean. Particularly in the region around the shelf break, there are usually clear differences in ocean color suggesting cross-shelf water exchange. However, it is rare to be able to obtain time series owing to cloud cover and there is no information about the vertical structure. ARGO data could provide vertical structure but such observations are limited to deep regions. We strongly recommend the examination of vertical processes in the ocean. Therefore, observations from research vessels are still important in determining what happens in the real ocean. Marginal seas such as the ECS are sometimes complicated by national borders and economic activities. It is important to progress international cooperative studies, which should establish a common understanding on the circulation and environment in the shelf region.
